We report experimental studies of crystals of Mn 12 molecular magnetic clusters in pulsed magnetic fields with sweep rates up to 4 ϫ 10 3 T / s. The steps in the magnetization curve are observed at fields that are shifted with respect to the resonant field values. The shift systematically increases as the rate of the field sweep goes up. These data are consistent with the theory of the collective dipolar relaxation in molecular magnets.
I. INTRODUCTION
High-spin molecular nanomagnets, like Mn 12 acetate, have unusual magnetic properties related to their high magnetic anisotropy and to the quantization of the magnetic moment M. For certain values of the magnetic field, quantum states characterized by different projections of M onto the anisotropy axis come to resonance. At these fields the magnetization curve of the crystal exhibits distinct steps due to quantum transitions between the resonant energy levels. 1 The steps, for a field-sweep experiment, have been successfully described in terms of single-molecule Landau-Zener (LZ) transitions. [2] [3] [4] [5] [6] [7] To date the information about spin Hamiltonians, extracted from the magnetization measurements, 1, [8] [9] [10] [11] has been compared with the EPR data, [12] [13] [14] [15] [16] [17] and a good agreement has been achieved.
Among interesting effects observed in crystals of molecular magnets are magnetic avalanches. [18] [19] [20] [21] At low temperature, sufficiently large crystals exhibit abrupt magnetization reversal that may take less than 1 ms. Initially, it was suggested [18] [19] [20] that the avalanche is some kind of a thermal chain reaction. In large samples at low temperature, the heat released by molecular moments relaxing towards the direction of the field does not have sufficient time to flow out of the sample. Instead, it is absorbed by other moments, causing them to relax and generate more heat. Recently this picture has been challenged by the observation that the magnetization reversal during avalanche occurs much faster than the temperature rise. 22 The electromagnetic effects associated with avalanches have been explored. 21 At this point, the nature of the avalanche and the connection between the magnetization reversal, thermal effects, and electromagnetic radiation remain unclear.
In this paper we report low temperature magnetization studies of Mn 12 single crystals at a field sweep rate 0 dH / dt up to 4 kT/ s. We find, unexpectedly, that at such high sweep rates avalanches take place at lower fields as compared to the case of low sweep rate. The field at which the magnetization reversal occurs is shifted by ⌬H from the resonance field. The shift increases as the sweep rate goes up. We have been able to scale the relaxation curves obtained at different sweep rates onto one curve. One possible explanation of this scaling can be given along the lines of the model of collective magnetic relaxation suggested in Ref. 23 . In this model the magnetic moments of the molecules rotate in unison due to electromagnetic interactions. We also consider an alternative explanation based upon the existence of fast-relaxing second species in Mn 12 acetate. 24 
II. EXPERIMENT
Mn 12 single crystals of high purity were used in the experiments. The conventional composition and the structure of the crystals were established by chemical, infrared and X ray diffraction methods. In addition, dc and ac magnetometry of the crystals was carried out in order to verify their conventional behaviour at low sweep rates. We have checked that the values of the blocking temperatures and resonant fields of the crystals coincide with previously published values.
Measurements of the magnetization using fast magnetic field pulses up to 4 kT/ s and at a temperature T = 0.6 K were performed at the K.U. Leuven. The pulsed magnetic fields were generated by a modular capacitor bank whose capacitance was systematically tuned from C = 4 mF to C =28 mF while the voltage was adapted from V = 5000 V to V = 600 V in such a way that the capacitor energy, 1 
CV
2 , remained constant. A homemade coil with an inductance of 650 H was used to produce the magnetic field pulse. A crow bar diode of resistance R = 0.08 ⍀ provided a critical damping of the magnetic pulse which has a duration of ϳ20 ms. The magnetization measurements were performed with the use of an inductive magnetization sensor designed to measure samples of volume up to 1 mm 3 . The sensor coil had 640 turns in one direction and 345 turns in the opposite direction. Its sensitivity reaches 10 −4 emu in the fields up to 10 T. During the measurements, the sample and the detec-tion coils were submerged in liquid 3 He. The 3 He temperature probe was made entirely of nonmetallic materials; we have verified that during a 50 T field pulse the temperature change, measured by a calibrated RuO sensor, did not exceed 100 mK. The sweep rate versus magnetic field of a typical magnetic field pulse is shown in Fig. 1 .
The typical field dependence of the differential susceptibility, dM / dH, of a single crystal of Mn 12 acetate, taken at various sweep rates and T = 670 mK, is shown in Fig. 2 . The magnetization reversal occurs at a field that is close to the third resonant field, 0 H ϳ 1.3 T. 1 The most surprising feature of the data is the dependence of the position and the height of the peaks on the field sweep rate. According to the conventional theory of resonant spin tunneling, 1 confirmed by all previous experimental studies, the positions of the peaks are determined entirely by the Hamiltonian of the nanomagnet and should not depend on the sweep rate. Note that some dependence of the peaks on the rate may occur in the case of thermal avalanches. [18] [19] [20] [21] In this case, however, the magnetization reversal is always accompanied by a measurable increase of the temperature of the sample. In our experiments no significant change in the temperature has been detected, making avalanches an improbable explanation. Figure 3 shows additional experimental data, in which the sweep rate was kept constant ͑dB / dt = 1.1 kT/ s͒, but the measuring temperature changed. The peak position of dM / dH at T = 0.723 K is B = 1.502 T, and at T = 1.074 K is B = 1.510 T (Gaussian fits); a difference in peak position less than ⌬B = 0.01 T, i.e., within our experimental error bar. The sweep rate dependence is thus much more significant, and for comparable effects, temperature changes much larger than ⌬T = 0.3 K would be needed; such temperature raises were not experimentally observed.
III. THEORY
One possible explanation to the above findings can be obtained along the lines of the collective magnetization reversal expected at a very high sweep rate. According to Ref.
23, for such a sweep the relaxation of the magnetization at the level crossing occurs in two stages.
The first stage is the Landau-Zener process that leaves the fraction of magnetic molecules P in the excited states (the upper energy branch + in Fig. 4 ). This fraction is given by the Landau-Zener formula: P LZ = exp͑−͒, where = ⌬ 2 /2ប, ⌬ is the tunnel splitting and is the energy sweep rate W = t = g͉⌬m͉ B ͑H͑t͒ − H R ͒ = m − m Ј . During the second stage, these excited states decay due to the Dicke superradiance onto the lower branch − (Fig. 4) . In the limit of a very small sweep rate, ӷ1, almost all molecules follow the lower energy branch, so that the evolution of the system is entirely determined by the Landau-Zener effect and the superradiance is irrelevant.
At a high sweep rate, Ӷ1, the majority of the molecules initially cross to the upper branch and then decay to the lower branch due to the superradiance. At this stage S z = M z / M (M being the magnetic moment of the system) satisfies the following equation: 23
where
N is the total number of Mn 12 molecules in the crystal, S = 10 is the spin of the molecule, g is the gyromagnetic ratio, e and m e are the electron charge and mass, c is the speed of light, and ͗S z ͘ = ͑mЈ − m͒ / 2. In the last expression, m =−10 and mЈ = 7 are the magnetic quantum numbers or the resonant levels at the third resonant field, 0 H ϳ 1.3 T. The exact solution of Eq. (1) depends strongly on the initial condition for the superradiance stage. The latter is difficult to predict because of the contribution of both coherent and incoherent processes to the initial Landau-Zener stage. 23, 25 However, one observation immediately follows from Eq. (1). Consider crossing of the third resonance, where 
where C = ͑␣ / ប͒g͉⌬m͉ B , leading to the scaling relation:
One observation immediately follows from these equations.
Since S z ϳ M z , the dependence of ͱ r͑dM z / d␦H͒ on ␦H / ͱ r must be independent of r if the initial condition for S z at the beginning of the superradiant relaxation is independent of r. 26 
IV. COMPARISON WITH EXPERIMENT
It has been observed in the past that as the temperature goes down or the field sweep rate goes up, avalanches typically shift towards higher fields. At 0.6 K and low sweep rate one would typically observe an avalanche above 3 T. The fact that at a very high sweep rate the magnetization reversal takes place at a significantly lower field is, therefore, surprising and invites explanation outside the conventional framework of thermal runaway. The above theoretical model presents one such possibility. As can be seen from the inset of Fig. 1 , the field sweep in the field range shown in Fig. 2 is, with good accuracy, linear on time. The scaling of the experimental data along the lines of the theoretical model considered above is shown in Fig. 5 . Given the approximations involved, the scaling appears to be rather good.
It allows one to estimate the constant ␣ in Eq. (1), ␣ ϳ 10 −8 . For N ϳ 10 18 this requires ⌬ ϳ 10 −3 K, which seems to be three to four orders of magnitude higher than expected at the third resonance. When taking this value for ⌬, the LZ probability P LZ ͑͒ becomes reasonable, since = ⌬ 2 /2ប ϳ 1. One should note, however, that the tunnel splitting depends exponentially on the magnetic anisotropy that, in turn, depends strongly on the elastic stress. A small change in the magnetic anisotropy can have a dramatic influence on the tunnelling probability. 25 It is not inconceivable, therefore, that at very high magnetic field sweep rates the magnetostriction effects are responsible for the high value of the tunnel splitting at the third resonance.
It has been suggested in Ref. 24 that the shift of the avalanches to lower fields at a very high sweep rate, as well as the sweep-rate dependence of the field at which the magnetization reversal occurs, can be due to a faster relaxing species of Mn 12 . While this might be worthy of testing in experiment, our setup does not permit the experimental protocol suggested in Ref. 24 . At this point the relevance of the second species to our findings is a higher speculative suggestion which has not been investigated theoretically nor experimentally. The existence of the second species itself is an idea periodically brought up to explain the mirror image of the staircase hysteresis loop at low fields, as well as other unexplained phenomena in Mn 12 . The percentage of the second species, if any, has to be small. If not, the initial fast relaxation due to that species would significantly affect the main part of the magnetization curve. The second species cannot simply include all defective molecules because, then, quantum steps in the magnetization curve would be smeared out. A second species of Mn 12 with a known molecular structure has never been identified. Even if one assumes the existence of such a species, it is not clear why it should trigger a low-field avalanche at a high sweep rate but not at a low sweep rate. Independent evidence that the effect observed by us is not due to any defective molecules comes from the field-pulse measurements of molecular magnets that are not known to have any second species. Our recent measurements of Fe 8 crystals 27 have revealed exactly the same features that we observed in Mn 12 . This suggests that the observed effects have universal nature and are not due to the presence of impurities.
The authors of Ref. 24 also stated that they did not dismiss the possibility of collective effects based upon spin-spin interactions, referring to their earlier paper. 28 The exchange interaction between Mn 12 molecules is considered in Ref. 28 in the framework of an analysis which is based upon an incorrect model that reduces a spin chain to a hydrogen molecule. On the contrary, our model employs conventional electromagnetic interaction between magnetic dipoles. It is based upon the assumption that the inhomogeneous broadening of the Landau-Zener parameter is small. This translates into a requirement of a narrow distribution of the tunnel splitting and narrow distribution of the magnetic field felt by the spins. Both conditions must be satisfied in Fe 8 . In Mn 12 the situation is less clear due to solvent disorder, large hyperfine interactions, dislocations, etc., which result in a distribution of the tunnel splitting. 7, 11, 17, 29 If that distribution consists of a finite number of narrow lines due to, e.g., finite number of nuclear spin states, finite number of isomers in the structure of the Mn 12 molecule, 29 etc., the collective effects may still be possible. As for the narrow distribution of the magnetic field, it should be achieved automatically when the spins of the initially saturated sample rotate coherently due to collective electromagnetic relaxation. We emphasize that the latter is only a conjecture until one measures electromagnetic radiation that accompanies relaxation.
V. CONCLUSIONS
We have found a new spin relaxation effect in a single crystal of Mn 12 molecular magnets at a high field-sweep rate. The magnetization reversal occurs at a significantly lower field as compared to experiments with low sweep rate. This field shifts away from the tunnelling resonance with increasing the sweep rate. The observed dependence of the differential susceptibility on the magnetic field correlates with the theory of collective electromagnetic relaxation.
